The rising global warming concerns and explosive degradation of the environment requires the mainstream utilization of alternative fuels, such as hydroxy gas (HHO) which presents itself as a viable substitute for extracting the benefits of hydrogen. Therefore, an experimental study of the performance and emission characteristics of alternative fuels in contrast to conventional gasoline was undertaken. For experimentation, a spark ignition engine was run on a multitude of fuels comprising of gasoline, Liquefied petroleum gas (LPG) and hybrid blend of HHO with LPG. The engine was operated at 60% open throttle with engine speed ranging from 1600 rpm to 3400 rpm. Simultaneously, the corresponding performance parameters including brake specific fuel consumption, brake power and brake thermal efficiency were investigated. Emission levels of CO, CO 2 , HC and NOx were quantified in the specified speed range. To check the suitability of the acquired experimental data, it was subjected to a Weibull distribution fit. Enhanced performance efficiency and reduced emissions were observed with the combustion of the hybrid mixture of LPG with HHO in comparison to LPG: on average, brake power increased by 7% while the brake specific fuel consumption reduced by 15%. On the other hand, emissions relative to LPG decreased by 21%, 9% and 21.8% in cases of CO, CO 2 , and unburned hydrocarbons respectively. Incorporating alternative fuels would not only imply reduced dependency on conventional fuels but would also contribute to their sustainability for future generations. Simultaneously, the decrease in harmful environmental pollutants would help to mitigate and combat the threats of climate change.
Introduction
Since the start of the 21st century, the world has seen an exponential interest growth in the oil sector and its derivatives, to fuel the unquenchable industrial expansion. This implied inevitable shortages of raw petroleum factions and increasing threats to the environment [1] [2] [3] [4] . Combustion of fossil fuels yield a multitude of harmful exhaust gases, contingent on the kind of fuel and engine conditions. Increasing global warming affirmations and air contamination are of rising concern to The methods to obtain the fuel consumption for these fuels varied. A 1000 mL, graduated fuel cylinder measured gasoline consumption, a digital weight machine helped record the LPG usage while a gas rotameter identified HHO consumption in standard cubic feet per hour (scfh) units. In addition, HHO was continuously supplied to the test engine at a flow rate of 10 scfh for LPG-HHO mixture. Owing to the inherent risk and danger of using HHO, suitable precautions were suggested and undertaken. The exhaust and air inlet ducts of the experimenting lab provided sufficient ventilation to prevent any HHO from concentrating at a single point. Moreover, a hydrogen alarm was installed in the laboratory for the express purpose of being timely cautioned in case of any HHO leakage. Furthermore, a 0.25 plastic, Viton mini check valve with a back-pressure capacity of greater than 0.3 MPa was used to prevent any back flow of the HHO which may become a source of harm. Other necessary precautions included using rubber gloves and strategically placing several fire extinguishers around the place of experimentation. The HHO generation unit used, consisted of basic stainless-steel plates (316 L) and an electrolytic salt of KOH in the concentration of 6 g/L. Further specifications of the unit are given in Table 2 . Reactions on anode and cathode with proper usage of catalysts produced hydrogen at the cathode and oxygen at the anode. The sample probe of the exhaust gas analyzer (TESTO 350) was inserted in the tail pipe of the engine for gas sampling quantification of the combustion products which included CO, CO 2 , HC and NO x . Furthermore, to maintain a steady state condition of the test engine, a total of five K-type thermocouples were strategically placed. Two of these recorded the temperature of the cooling water before and after circulation through the water body, one recorded the temperature of the exhaust gases at the muffler, one recorded the exhaust manifold temperature while the remaining thermocouple recorded the lube oil temperature.
Test Plan
A series of experiments were conducted utilizing different fuels and their hybrids. The engine was operated on these fuels with a 60% open throttle (OT). Observations at different RPMs with successive increments in between, were made. While running at specified RPM, the engine performance parameters as well as the emission gases percentages were observed for further analysis.
Once the RPM had been maintained, the sampling probe of the TESTO 350 was inserted into the exhaust manifold and maintained for a minute in order for steady state emissions. Then, emission level data of the exhaust gases i.e., CO, CO 2 , HC and NO x were subjected to the Weibull distribution fit for two confidence intervals (50% and 95%) to check the adequacy of data. Simultaneously, the dynamometer, attached to the drive shaft, recorded engine performance parameters which were translated via the data box into the processing software, DYNOMAX 2010 (10.23, Land & Sea, Inc., 25 Henniker St Concord, USA). Once steady state data recording had been performed, the RPMs of the engine were increased to the next level.
Results and Discussion
The control experimentation comprised of combusting three fuels i.e., gasoline, LPG and the mixture of LPG with HHO. The performance parameters of brake power and brake specific fuel consumption were observed for gasoline, LPG and LPG-HHO blend. Simultaneously, the emission characteristics were compared for the fuels utilized. The reliability of the experimentation could be appreciated by the obtained results which showed that the brake power increased by 7% and emissions of CO decreased by 21% on average.
Engine Performance
Brake power analysis with the engine operating with three different fuels i.e., gasoline, LPG and LPG combined with HHO are observable in Figure 2 . The graphical trends depict that brake power increases with increasing revolutions per minute of the drive shaft. Empirical and experimental relations confirm and verify the linear correlation between higher RPM's of the engine and corresponding greater brake power. This development can be credited to the fact that more combustion energy is available at higher RPM's and consequently the brake power increases. Experimental results showed that the blend mixture provided an increased brake power output by nearly 11% in comparison to LPG. Gasoline still emerged on top with 23% more power than the fuel blend of LPG and HHO. Despite gasoline combustion claiming to produce the greatest brake power, it can be observed that the gap in contrast to LPG has been bridged by the supplementation of HHO which can be reduced further with greater percentage of hydrogen fraction in the blend. The trends in the brake specific fuel consumption (BSFC) of the engine pertaining to the three different fuels, are shown in Figure 3 . Yet again, a similar trend as in case of brake power, the graphical plot shows that the hybrid mixture of HHO and LPG offers better fuel economy than its LPG counterpart leading to better efficiency of the engine. It was observed that BSFC of LPG-HHO blend reduced in comparison to gasoline and LPG in percentages of 42 and 17 respectively. The brake specific fuel consumption curves contrast sharply with those of the experimental outcomes previously established [39] [40] [41] [42] . This can be explained by the higher heating value of hydrogen as compared to other two fuels. The similar BSFC trend was observed for all of the fuels employed i.e., first decrease to an optimal engine speed and then, rise as a consequence of the lower breathing time available to the engine. Furthermore, the increase in the internal friction of the reciprocating parts at higher speed implies that more fuel per power output is required which in turn increases the brake specific fuel consumption. Moreover, the fuel being consumed also varies as a function of the hydrogen to carbon ratio (H/C). With increasing H/C ratio of the fuels, the specific fuel consumption decreases and vice versa which thus implies that HHO leads all other fuels employed in the current study. Another parameter of value is the brake thermal efficiency as shown in Figure 4a . The brake thermal efficiency denotes the percentage of brake power produced by the engine per unit input energy of a fuel. It can be observed that LPG-HHO blend develops the highest brake thermal efficiency leading its counterparts of LPG and gasoline in percentages of 28.9 and 40, respectively. This is due to the cleaner and more rapid combustion of the hydrogen fraction in the LPG mixture which transfers its energy to the mechanical power producing systems without excessive loss to the surroundings [43] [44] [45] . This higher brake thermal efficiency in case of LPG-HHO blend implies the superior usability of HHO with LPG [15] . Figure 4b displays the variations in lambda value in comparison to the engine speed for gasoline, LPG and LPG-HHO fuels. The lambda reveals the lean mixing in the minimum BSFC range. After the minimum BSFC range, the nature of the incoming air-fuel blend is fuel enriched for rise in engine speed employing liquid and gaseous fuels.
Emissions
Combustion of fuels is associated with several emissions, the principle of which are CO, CO 2 , HC and NO x . Carbon monoxide emissions originate as a consequence of the incomplete combustion of fuels which does not permit the nascent carbon atoms to completely combine with oxygen. Carbon dioxide forms due to the complete disintegration of the hydrocarbons into their passive forms. Some levels of hydrocarbon also persist in the combustion products and occur as a result of the fuel escaping unreacted from the combustion chamber [46] . NO x emissions form as a function of the high combustion chamber temperatures and are thus dependent on the type of fuel being used [47] . Table 3 depicts the emission data of carbon monoxide for the three fuels. Containing the highest percentage of hydrocarbons in contrast to LPG, it comes as no surprise that the carbon monoxide emissions are the highest for gasoline combustion [48] [49] [50] . However, CO contents are observed to be the relatively lowest in the combustion analysis of LPG and HHO hybrid fuel, with a percentage decrease of 48.1% and 19.2% when compared to gasoline and LPG respectively, since, the high flame rate of hydrogen ensures better combustion of the fuel contents [51] [52] [53] . 
Carbon Monoxide (CO)

Carbon Dioxide (CO 2 )
Contrary to the reason of carbon monoxide generation, the emissions of carbon dioxide, as tabulated in Table 4 , are produced as an outcome of complete combustion. The percentage of CO 2 emission in case of gasoline supersedes that of LPG by 23% and yet again it is due to the higher hydrocarbon content of gasoline fuel. Interestingly enough, the supplementation of LPG with HHO yields lower average percentage of carbon dioxide since the fuel now also consists of non-hydrocarbon element, mainly hydrogen. This is evident from the 9% reduction of CO 2 offered by the hybrid blend in relation to LPG [54] . Carbon dioxide is emitted as a byproduct of the chemical disintegration of carbon compounds present in the fuel mix. 
Hydrocarbons (HC)
The data of hydrocarbon emissions is epitomized in Table 5 . Compared to LPG, the percentage of hydrocarbons which make up a unit of petrol is exorbitantly higher [55] . Like CO and CO 2 emissions, experimentation again favors the hybrid blend of LPG and HHO as a viable option, offering a relatively lower quantity of unburnt hydrocarbons which when compared to LPG is 21.8% lower. HC falls considerably when compared to gasoline with a decrement of 44.9%, owing to the rapid ignitability and diffusivity of the LPG-HHO blend [22, 29] . Table 6 presents an insight into the NO x emissions of the three fuels. NO x formation takes place when an ample supply of air (N 2 , O 2 ) is combusted at exceedingly high cylinder temperatures. Owing to the shorter combustion durations and liquid nature of gasoline, the average NO x formation is the highest and exceeds emissions of LPG-HHO blend by 11.5%. However, employing LPG-HHO blend in SI engine, produced higher NO x emission (16.1%) in contrast to LPG alone. The formation of NO x is largely governed by three parameters; duration available for combustion, physical state of fuel, oxygen and nitrogen availability and cylinder temperature [37] . The high NO x emissions via the blend is due to the substantially high temperatures of combustion occurring in the cylinders with the combustion of the hydrogen fractions [43, 56] . 
Weibull Distribution for Exhaust Emissions
The authenticity of statistically plotted data can be verified by calculating the proportion of data lying within specified confidence intervals (CIs). As a rule of thumb, a good fit corresponds to 50% of the data being contained within the 50% CI and 95% of the observations being within the limits of the 95% CI.
Weibull distribution was applied to develop the probability plots for CO, CO 2 , HC and NO x for the three fuels and are represented by the Figure 5 , Figure 6, Figure 7 , Figure 8 respectively. The data points for these plots were then checked for 50% and 95% CIs. The fitted distributions were found to be well within the limits set by the mentioned CIs. Furthermore, the Weibull fits did not portray any heavy tails at the distributions' upper section, again supportive about the good quality of the fit. It can be seen from Figure 5a -c that the CO emissions for gasoline, LPG and LPG-HHO lie adequately within the 95% and 50% CIs bands. Likewise, Figure 6a -c show that the CO 2 emissions of gasoline, LPG and LPG-HHO, respectively, resemble that of CO by lying inside the selected CIs. The agreement to the 95% and 50% CIs shown by the Weibull distribution plots as given by Figure 7 of HC is again commendable. While the NOx distribution fits are no exception to the above (see Figure 8 ).
With a total of nine data points, relatively narrower confidence intervals were observed. The 50% CI for the 50th percentile in case of CO 2 emissions is observed as being from 8.7% to 9.39% with a range between minus 3.5% to plus 4.4% (Figure 6a ). Likewise, using LPG as a fuel, it was seen that the 50% CI for the average of CO 2 lies between 7.1% to 7.6%, with an even narrower range of minus 3.7% to plus 3.5% (Figure 6b ). The emissions for LPG-HHO when plotted within the 50% CI for the 50th percentile of CO 2 resonated from 6.4% to 6.9% with a corresponding range interval of minus 3.1% to plus 5.2% (Figure 6c ).
For gasoline fuel, 95% CI for 50th percentile of CO 2 emission distribution is from 8.1% to 10.1%, which corresponds to the range of minus 11.5% to plus 12.4% (Figure 6a) . Similarly, the 95% CI for the mean of CO 2 emission distribution, using LPG as a fuel, is from 6.6% to 8.13%, corresponding to narrower range of minus 11.1% to plus 10.8% (Figure 6b ). As an extension to the above, the 95% CI for the mean CO 2 emission distribution for combustion of LPG-HHO as a fuel, is from 5.9% to 7.5%, corresponding to narrower range of minus 11.4% to plus 13.6% (Figure 6c ).
An important characteristic of the CIs is that the mean data points need not necessarily be symmetric in nature. This is evident in the nine-point data set cases of CO, CO 2 , HC and NO x which are all positively skewed. In general, the distributions showed moderate skewness except in case of HC emissions of LPG, which was seen to be more heavily skewed as shown in Figure 7b . Moreover, the CIs about the mean were observed to be positively skewed which led to the CIs adopting an asymmetric nature. Figure 9 describes the variation of emission contents with the increase in engine speed. It can be seen from Figure 9a that level of CO emission gradually increases with the rise in rpm. Figure 9b ,d also depict raise in CO 2 and NOx emission concentrations with the increase in rpm respectively. However, HC decreased with increase in engine speed for the employed fuels. 
Conclusions
The study was carried out to analyze the performance and emission characteristics of alternative fuels which helped to bridge the power gap of gasoline and alternative fuels. The analyses of the experimental data coincided closely with current study objectives (safe environment and better performance) and can be summarized as follows:
1.
LPG-HHO blend produced an average of 7% more brake power than LPG alone and the brake specific fuel consumption of LPG was on average 15% more than that of the blended fuel.
2.
The average CO emissions decreased by 21% and 48.1% for LPG-HHO blend in comparison to LPG and gasoline fuel respectively.
3.
The mean CO 2 production was 9% lower in case of LPG-HHO blend as compared to LPG. Furthermore, the average fractions of unburnt hydrocarbon in the exhaust decreased by 21.8% in case of LPG-HHO blend when compared with LPG. However, average NOx emissions were 16.1% higher for LPG-HHO blend than that of LPG counterpart.
4.
The CO, CO 2 , HC and NO X emission level data showed good agreement with 50% and 95% CIs using Weibull distribution.
5.
Taking a holistic view on the performance and emission analysis and weighing the strengths and weaknesses of LPG-HHO blend, it can be said with considerable confidence that this fuel mixture can be utilized for extracting its inherent benefits. 6. Figure 10 compares the experimental observations subjected to an appropriate scale. It can be seen that LPG-HHO fuel mixture is advantageous over sole LPG combustion in terms of greater brake power, better specific fuel consumption, higher brake thermal efficiency, reduced carbon monoxide emissions, lower greenhouse gas byproduct formation and even lower presence of unburnt hydrocarbons in the exhaust pipe. These characteristics therefore present this alternative fuel mix as a viable source of energy, capable of competing with the traditional gasoline fractions. However, NO x emissions have undoubtedly increased in comparison to LPG only as a result of the high combustion chamber temperatures due to hydrogen fractions which can be reduced using exhaust gas recirculation technology. Funding: This research received no external funding.
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